Introduction
Don't be misled! This book cannot replace effort on your part. All it can aspire to do is to make that effort effective. The detective thriller only succeeds because you have read it too fast and not really concentrated -with that approach, you'll find this book just as mysterious.
The text of the chapters
The chapters, particularly 2-8, develop a train of thought essential to the subject of analyzing biological data. You just have to take these chapters in order and quite slowly. There is only one way I know for you to maintain the concentration necessary for comprehension, and that is for you to make your own summary notes as you go along.
My Head of Department when I first joined the staff at Reading used to define a university lecture as "a technique for transferring information from a piece of paper in front of the lecturer to a piece of paper in front of the student, without passing through the heads of either." That's why I stress making your own summary notes. You will retain very little by just reading the text; you'll find that after a while you've been thinking about something totally different but seem to have apparently read several pages meanwhile -we've all been there! The message you should take from my Head of Department's quote above is that just repeating in your writing what you are reading is little better than taking no notes at allthe secret is to digest what you have read and reproduce it in your own words and in summary form. Use plenty of headings and subheadings, boxes linked by arrows, cartoon drawings, etc. Another suggestion is to use different color pens for different recurring statistics such as "variance" and "correction factor." In fact, use anything that forces you to convert my text into as different a form as possible from the original; that will force you to concentrate, to involve your brain, and to make it clear to you whether or not you have really understood that bit in the book so that it is safe to move on.
The actual process of making the notes is the critical step -you can throw the notes away at a later stage if you wish, though there's no harm in keeping them for a time for revision and reference.
So DON'T MOVE ON until you are ready. You'll only undo the value of previous effort if you persuade yourself that you are ready to move on when in your heart of hearts you know you are fooling yourself! A key point in the book is the diagram in Fig. 7 .5 on page 55. Take real care to lay an especially good foundation up to there. If you really feel at home with this diagram, it is a sure sign that you have conquered any hang-ups and are no longer a "terrified biologist."
What should you do if you run into trouble?
The obvious first step is to go back to the point in this book where you last felt confident, and start again from there.
However, it often helps to see how someone else has explained the same topic, so it's a good idea to have a look at the relevant pages of a different statistics text (see Appendix 4 for a few suggestions, though of course there are many other excellent textbooks).
A third possibility is to see if someone can explain things to you face to face. Do you know or have access to someone who might be able to help? If you are at university, it could be a fellow student or even one of the staff. The person who tried to teach statistics to my class at university failed completely as far as I was concerned, but I found he could explain things to me quite brilliantly in a one-to-one situation.
Elephants
At certain points in the text you will find the "sign of the elephant,"
i.e. . They say "elephants never forget" and the symbol means just that -NEVER FORGET! I have used it to mark some key statistical concepts which, in my experience, people easily forget and as a result run into trouble later and find it hard to see where they have gone wrong. So, take it from me that it is really well worth making sure these matters are firmly embedded in your memory.
The numerical examples in the text
In order to avoid "algebra" as far as possible, I have used actual numbers to illustrate the working of statistical analyses and tests. You probably won't gain a lot by keeping up with me on a hand calculator as I describe the different steps of a calculation, but you should make sure at each step that you understand where each number in a calculation has come from and why it has been included in that way.
When you reach the end of each worked analysis or test, however, you should go back to the original source of the data in the book and try and rework the calculations which follow on a hand calculator. Try to avoid looking up later stages in the calculations unless you are irrevocably stuck, and then use the "executive summary" (if there is one at the end of the chapter) rather than the main text.
Boxes
There will be a lot of individual variation among readers of this book in the knowledge and experience of statistics they have gained in the past, and in their ability to grasp and retain statistical concepts. At certain points, therefore, some will be happy to move on without any further explanation from me or any further repetition of calculation procedures.
For those less happy to take things for granted at such points, I have placed the material and calculations they are likely to find helpful in "boxes" in order not to hold back or irritate the others. Calculations in the boxes may prove particularly helpful if, as suggested above, you are reworking a numerical example from the text and need to refer to a box to find out why you are stuck or perhaps where you went wrong.
Spare-time activities
These are numerical exercises you should be equipped to complete by the time you reach them at the end of several of the chapters.
That is the time to stop and do them. Unlike the within-chapter numerical examples, you should feel quite free to use any material in previous chapters or "executive summaries" to remind you of the procedures involved and guide you through them. Use a hand calculator and remember to write down the results of intermediate calculations; this will make it much easier for you to detect where you have gone wrong if your answers do not match the solution to that exercise given in Appendix 3. Do read the beginning of that Appendix early on -it explains that you should not worry or waste time recalculating if your numbers are similar, even if they are not identical. I can assure you, you will recognize -when you compare your figures with the "solution" -if you have followed the statistical steps of the exercise correctly; you will also immediately recognize if you have not.
Doing these exercises conscientiously with a hand calculator, and when you reach them in the book rather than much later, is really important. They are the best thing in the book for impressing the subject into your long-term memory and for giving you confidence that you understand what you are doing.
The authors of most other statistics books recognize this and also include exercises. If you're willing, I would encourage you to gain more confidence and experience by going on to try the methods as described in this book on their exercises.
Executive summaries
Certain chapters end with such a summary, which aims to condense the meat of the chapter into little over a page or so. The summaries provide a reference source for the calculations which appear more scattered in the previous chapter, with hopefully enough explanatory wording to jog your memory about how the calculations were derived. They will, therefore, prove useful when you tackle the "spare-time activities."
Why go to all that bother?
You might ask -why teach how to do statistical analyses on a hand calculator when we can type the data into an Excel spreadsheet or other computer program and get all the calculations done automatically? It might have been useful once, but now . . . ?
Well, I can assure you that you wouldn't ask that question if you had examined as many project reports and theses as I have, and seen the consequences of just "typing data into an Excel spreadsheet or other computer program." No, it does help to avoid trouble if you understand what the computer should be doing.
So why go to all that bother?
• Planning experiments is made much more effective if you understand the advantages and disadvantages of different experimental designs and how they affect the "experimental error" against which we test our differences between treatments. It probably won't mean much to you now, but you really do need to understand how experimental design as well as treatment and replicate numbers impact on the "residual degrees of freedom" and whether you should be looking at one-tailed or two-tailed statistical tables. My advice to my students has always been that, before embarking on an experiment, they should draw up a form on which to enter the results, invent some results, and complete the appropriate analysis on them. It can often cause you to think again.
• Although the computer can carry out your calculations for you, it has the terminal drawback that it will accept the numbers you type in without challenging you as to whether what you are asking it to do with them is sensible. Thus -and again at this stage you'll have to accept my word that these are critical issues -no window will appear on the screen that says: "Whoa -you should be analyzing these numbers nonparametrically," or "No problem. I can do an ordinary factorial analysis of variance, but you seem to have forgotten you actually used a split-plot design," or "These numbers are clearly pairs; why don't you exploit the advantages of pairing in the t-test you've told me to do?" or "I'm surprised you are asking for the statistics for drawing a straight line through the points on this obvious hollow curve." I could go on.
• You will no doubt use computer programs rather than a hand calculator for your statistical calculations in the future. But the printouts from these programs are often not particularly user-friendly. They usually assume some knowledge of the internal structure of the analysis the computer has carried out, and abbreviations identify the numbers printed out. So obviously an understanding of what your computer program is doing and familiarity with statistical terminology can only be of help.
• A really important value you will gain from this book is confidence that statistical methods are not a "black box" somewhere inside a computer, but that you could in extremis (and with this book at your side) carry out the analyses and tests on the back of an envelope with a hand calculator. Also, once you have become content that the methods covered in this book are based on concepts you can understand, you will probably be happier using the relevant computer programs.
• More than that, you will probably be happy to expand the methods you use to ones I have not covered, on the basis that they are likely also to be "logical, sensible and understandable routes to passing satisfactory judgments on biological data." Expansions of the methods I have covered (e.g. those mentioned at the end of Chapter 17) will require you to use numbers produced by the calculations I have covered. You should be able confidently to identify which these are.
• You will probably find yourself discussing your proposed experiment and later the appropriate analysis with a professional statistician. It does so help to speak the same language! Additionally, the statistician will be of much more help to you if you are competent to see where the latter has missed a statistical constraint to the advice given arising from biological realities.
• Finally, there is the intellectual satisfaction of mastering a subject which can come hard to biologists. Unfortunately, you won't appreciate it was worth doing until you view the effort from the hindsight of having succeeded. I assure you the reward is real. I can still remember vividly the occasion many years ago when, in the middle of teaching an undergraduate statistics class, I realized how simple the basic idea behind the analysis of variance was, and how this extraordinary simplicity was only obfuscated for a biologist by the short-cut calculation methods used. In other words, I was in a position to write Chapter 10. Later, the gulf between most biologists and trained statisticians was really brought home to me by one of the latter's comments on an early version of this book: "I suggest Chapter 10 should be deleted; it's not the way we do it." I rest my case!
The bibliography
Right at the back of this book is a short list of other statistics books. Very many such books have been written, and I only have personal experience of a small selection. Some of these I have found particularly helpful, either to increase my comprehension of statistics (much needed at times!) or to find details of and recipes for more advanced statistical methods. I must emphasize that I have not even seen a majority of the books that have been published and that the ones that have helped me most may not be the ones that would be of most help to you. Omission of a title from my list implies absolutely no criticism of that book, and -if you see it in the library -do look at it carefully; it might be the best book for you.
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What are statistics?
"Statistics" are summaries or collections of numbers. If you say "the tallest person among my friends is 173 cm tall," that is a statistic based on a scrutiny of lots of different numbers -the different heights of all your friends, but reporting just the largest number. If you say "the average height of my friends is 158 cm" -then that is another statistic. This time you have again collected the different heights of all your friends, but this time you have used all those figures in arriving at a single summary, the average height.
If you have lots and lots and lots of friends, it may not be practical to measure them all, but you can probably get a good estimate of the average height by measuring not all of them but a large sample, and calculating the average of the sample. Now the average of your sample, particularly of a small sample, may not be identical to the true average of all your friends. This brings us to a key principle of statistics. We are usually trying to evaluate a parameter (from the Greek for "beyond measurement") by making an estimate from a sample it is practical to measure. So we must always distinguish parameters and estimates. So in statistics we use the word "mean" for the estimate (from a sample of numbers) of something we can rarely measure -the parameter we call the "average" (of the entire existing population of numbers).
Notation
"Add together all the numbers in the sample, and divide by the number of numbers" -that's how we actually calculate a mean, isn't it? So even that very simple statistic takes a lot of words to describe as a procedure. Things can get much more complicated -see Box 2.1.
BOX 2.1
"Multiply every number in the first column by its partner in the second column, and add these products together. Now subtract from this sum the total of the numbers in the first column multiplied by the total of the numbers in the second column, but first divide this product of the totals by the number of pairs of numbers. Now square the answer. Divide this by a divisor obtained as follows: For each column of numbers separately, square and add the numbers and subtract the square of the total of the column after dividing this square by the number of numbers. Then add the results for the two columns together."
We really have to find a "shorthand" way of expressing statistical computations, and this shorthand is called notation. The off-putting thing about notation for biologists is that it tends to be algebraic in character. Also there is no universally accepted notation, and the variations between different textbooks are naturally pretty confusing to the beginner! What is perhaps worse is a purely psychological problem for most biologists -your worry level has perhaps already risen at the very mention of algebra? Confront a biologist with an "x" instead of a number like "57" and there is a tendency to switch off the receptive centers of the brain altogether. Yet most statistical calculations involve nothing more terrifying than addition, subtraction, multiplying, and division -though I must admit you will also have to square numbers and find square roots. All this can now be done with the cheapest hand calculators.
Most of you now own or have access to a computer, where you only have to type the sampled numbers into a spreadsheet or other program and the machine has all the calculations that have to be done already programmed. So do computers remove the need to understand what their programs are doing? I don't think so! I have discussed all this more fully in Chapter 1, but repeat it here in case you have skipped that chapter. Briefly, you need to know what programs are right for what sort of data, and what the limitations are. So an understanding of data analysis will enable you to plan more effective experiments. Remember that the computer will be quite content to process your figures perfectly inappropriately, if that is what you request! It may also be helpful to know how to interpret the final printout -correctly.
Back to the subject of notation. As I have just pointed out, we are going to be involved in quite unsophisticated "number-crunching" and the whole point of notation is to remind us of the order in which we do this. Notation may look formidable, but it really isn't. It would be quite dangerous, when you start out, to think that notation enables you to do the calculations without previous experience. You just can't turn to page 257, for example, of a statistics book and expect to tackle something like:
( xy) 2 x 2 + y 2 without the necessary homework on the notation! Incidentally, Box 2.1 translates this algebraic notation into English for two columns of paired numbers (values of x and y). As you progress in statistics, each part of the formula above will ring a bell in your brain for a less algebraic form of shorthand:
(sum of cross products) 2 sum of squares for x + sum of squares for y These terms will probably mean nothing to you at this stage, but being able to calculate the sum of squares of a set of numbers is just about as common a procedure as calculating the mean.
We frequently have to cope with notation elsewhere in life. Recognize 03.11.92? It's a date, perhaps a "date of birth." The Americans use a different notation; they would write the same birthday as 11.03.92. And do you recognize C m ? You probably do if you are a musician -it's notation for playing together the three notes C, E b , and G -the chord of C minor (hence C m ).
In this book, the early chapters will include notation to help you remember what statistics such as sums of squares are and how they are calculated. However, as soon as possible, we will be using keywords such as sums of squares to replace blocks of algebraic notation. This should make the pages less frightening and make the text flow better -after all, you can always go back to an earlier chapter if you need reminding of the notation. I guess it's a bit like cooking? The first half dozen times you want to make pancakes you need the cookbook to provide the information that 300 ml milk goes with 125 g plain flour, one egg, and some salt, but the day comes when you merely think the word "batter"!
Notation for calculating the mean
No one is hopefully going to baulk at the challenge of calculating the mean height of five people -say 149, 176, 152, 180, and 146 cm -by totalling the numbers and dividing by 5.
In statistical notation, the instruction to total is " ," and the whole series of numbers to total is called by a letter, often "x" or "y."
